Neuroimaging studies of malformations of cortical development have mainly focused on the characterization of the primary lesional substrate, while whole-brain investigations remain scarce. Our purpose was to assess large-scale brain organization in prevalent cortical malformations. Based on experimental evidence suggesting that distributed effects of focal insults are modulated by stages of brain development, we postulated differential patterns of network anomalies across subtypes of malformations. We studied a cohort of patients with focal cortical dysplasia type II (n = 63), subcortical nodular heterotopia (n = 44), and polymicrogyria (n = 34), and compared them to 82 age-and sex-matched controls. Graph theoretical analysis of structural covariance networks indicated a consistent rearrangement towards a regularized architecture characterized by increased path length and clustering, as well as disrupted rich-club topology, overall suggestive of inefficient global and excessive local connectivity. Notably, we observed a gradual shift in network reconfigurations across subgroups, with only subtle changes in focal cortical dysplasia type II, moderate effects in heterotopia and maximal effects in polymicrogyria. Analysis of resting state functional connectivity also revealed gradual network changes, with most marked rearrangement in polymicrogyria; contrary to findings in the structural domain, however, functional architecture was characterized by decreases in both local and global parameters. Diverging results in the structural and functional domain were supported by formal structure-function coupling analysis. Our findings support the concept that time of insult during corticogenesis impacts the severity of topological network reconfiguration. Specifically, late-stage malformations, typified by polymicrogyria, may selectively disrupt the formation of large-scale corticocortical networks and thus lead to a more profound impact on whole-brain organization than early stage disturbances of predominantly radial migration patterns observed in cortical dysplasia type II, which likely affect a relatively confined cortical territory.
Introduction
Corticogenesis involves a series of molecular events that are governed by genetic, epigenetic and environmental factors. This complex process consists of three successive, partially overlapping stages, namely cell proliferation, neuronal migration and cortical organization (Bystron et al., 2008) . Any disturbance during these steps may result in malformations of cortical development (MCD) with distinct morphological features (Guerrini and Dobyns, 2014) .
Because of its unmatched ability to visualize brain anatomy in vivo, MRI has been instrumental in the diagnosis and classification of MCD, while genetic studies have unveiled critical pathophysiological mechanisms (Guerrini and Dobyns, 2014) . Accordingly, MCD are subdivided with respect to the timetable of key neurodevelopmental stages (Barkovich et al., 2012) . Specifically, a first group includes malformations caused by abnormal neuroglial proliferation, thought to result from atypical expression of genes controlling mitotic cycles and cell growth (Pulyers et al., 2015; Crino, 2016) , typified by focal cortical dysplasia type II (FCD-II); on MRI, this malformation is characterized mainly by cortical thickening. The second group includes malformations related to a failure of neuronal migration, likely due to loss or dysfunction of neuroepithelial integrity impairing migratory initiation and cell adhesion (Parrini et al., 2006; Ferland et al., 2009) . Typical examples are heterotopias, characterized by grey matter nodules located at various depths within the periventricular white matter. The third group is associated with post-migratory disturbances of cortical organization (Judkins et al., 2011) resulting in polymicrogyrias featuring an excessive number of shallow gyri and sulci and FCD-I, a mild form of cortical dyslamination (Blumcke et al., 2010) .
Given the strong association with pharmacoresistant epilepsy, previous imaging studies have focused on the detection of the primary MCD lesion to optimize surgical management (Bernasconi et al., 2001; Huppertz et al., 2008; Thesen et al., 2011; Hong et al., 2014) . Notably, however, case reports and case-control investigations have shown grey matter structural anomalies extending beyond the primary lesion (Bonilha et al., 2006; Blackmon et al., 2015; Hong et al., 2016 Hong et al., , 2017 and disrupted interhemispheric connections (Pardoe et al., 2015) . These observations raise the possibility that the pathological process underlying MCD affects distributed cerebral systems.
Our purpose was to study large-scale brain organization across the spectrum of MCD. We hypothesized that these malformations are associated with alterations of structural networks. Furthermore, based on evidence from experimental prenatal injuries in primates suggesting that a focal insult may have distributed effects that depend on stages of brain development (Goldman-Rakic, 1980) , we postulated differential patterns of network anomalies across MCD subtypes. We generated structural networks using morphological covariance analysis of MRI-derived cortical thickness (Bernhardt et al., 2011 Alexander-Bloch et al., 2013a) , which is thought to reflect synchronized maturation between areas of the brain (Alexander-Bloch et al., 2013b) . We used graph theory to formally parameterize network organization and characterize the relevance of individual regions within the whole-brain connectome. In light of the notion that the brain structure largely determines functional interactions (Goni et al., 2014; Misic et al., 2015) , we also assessed the functional connectivity architecture associated with structural network organization.
Materials and methods

Subjects
From a database of patients admitted to the Montreal Neurological Institute and Hospital for the investigation of drug-resistant epilepsy, we selected patients with MCD who had a research-dedicated MRI investigation, based on either a 1.5 T (n = 91) or 3 T (n = 63) scanner. The 3 T MRI dataset was included to verify the reproducibility of structural network findings at 1.5 T and to evaluate structure-function relationship. The MCD cohort in the 1.5 T dataset was composed of 30 patients with FCD-II (16 males, age = 28 AE 10 years), 27 heterotopias with periventricular subependymal grey matter nodules (11 males, age = 28 AE 11 years) and 21 polymicrogyrias (12 males, age = 29 AE 11 years). The 3 T dataset included 33 patients with FCD-II (16 males, age = 28 AE 9 years), and 17 heterotopias with periventricular subependymal nodules (10 males, age = 31 AE 10 years) and 13 polymicrogyrias (eight males, age = 31 AE 11 years). We studied a total of 82 age-and sex-matched healthy controls; 41 were examined at 1.5 T (16 males, age = 30 AE 11 years) and 41 at 3 T (21 males, age = 30 AE 7 years).
For both MCD datasets, clinical assessment included a comprehensive evaluation of seizure history and semiology, neurological examination, video-EEG telemetry and neuroimaging. The demographic and electroclinical data are summarized in Table 1 . There were no statistical differences in age, gender distribution and disease duration. The Ethics Committee of the Montreal Neurological Institute and Hospital approved the study and written informed consent was obtained from all participants.
MRI acquisition
For the 1.5 T dataset, T 1 -weighted MRI was acquired on a Philips Gyroscan using a 3D fast-field-echo sequence (repetition time = 18 ms; echo time = 10 ms; flip angle = 30
; matrix = 256 Â 256; field of view = 256 Â 256 mm 2 ; 176 sagittal slices with 1 mm thickness). For the 3 T dataset, T 1 -weighted images were obtained on a Siemens Tim Trio scanner with a 32-channel head coil using a 3D-MPRAGE sequence (repetition time = 2300 ms, echo time = 2.98 ms, inversion time = 900 ms; flip angle = 9 , matrix = 256 Â 256; field of view = 256 Â 256 mm 2 ; 176 sagittal slices with 1 mm thickness). Resting state functional MRI data were obtained using a 2D echo-planar blood oxygen level-dependent acquisition 
MRI processing T 1 -weighted MRI
Images underwent automated intensity non-uniformity correction, intensity standardization (Sled et al., 1998) and were linearly registered to the high-resolution MNI152 template, followed by tissue classification into white matter, grey matter and CSF (Kim et al., 2015) . The Constrained Laplacian Anatomic Segmentation using Proximity (CLASP) algorithm generated a model of the inner (white matter-grey matter) and outer (grey matter-CSF) surfaces with 40 000 points (vertices) for each hemisphere (Kim et al., 2005) . Surface-based registration was used to increase across-subject correspondence (Robbins et al., 2004) . The quality of surface extractions was verified in all subjects and corrections were made if necessary. Cortical thickness was calculated as the straight line between corresponding points on the inner and outer surface .
Resting state functional MRI
Processing was carried out in native resting-state functional MRI space using the DPARSF toolbox (Chao-Gan and YuFeng, 2010) . After discarding the first five volumes, we performed slice-time and motion correction, realignment, and statistically eliminated effects of white matter signal, CSF signal and head motion. To correct for residual motion, we included time points with a frame-wise displacement 40.5 mm as separate covariates (Power et al., 2012) . Following linear co-registration between resting state functional MRI data and the corresponding T 1 -weighted volumes using a boundarybased approach (Greve and Fischl, 2009 ), we mapped surface representations to native resting state functional MRI space and extracted time series on the 50% mid-thickness surface with minimal interpolation. Surface-mapped signals were used to construct functional connectomes in each individual.
Construction of structural covariance and functional networks Parcellation
We used automated anatomical labeling (AAL) to parcellate the neocortex into 78 cortical regions (Tzourio-Mazoyer et al., 2002) (Fig. 1A) . Each individual MRI was non-linearly warped to the Colin27 template on which the original atlas is defined (Holmes et al., 1998) . Using the inverse of this transformation, atlas labels were mapped back to the individual MRI and intersected with cortical surfaces to generate a subject-specific surface parcellation. While the main analysis relied on the AAL parcellation, we also verified consistency of findings using a high-resolution parcellation. To this purpose, we divided the cortex into 1000 contiguous regions of interest with comparable surface area ($100 mm 2 ) using k-means clustering constrained by the original AAL parcels (Cammoun et al., 2012) .
Network construction
We calculated parcel-wise mean cortical thickness and functional time series signals, correcting each metric for effects of age and gender. To construct the structural covariance matrix (R S-78 ), we calculated the cross-correlation coefficient r ij of mean cortical thickness [normalized by overall mean thickness (Bernhardt et al., 2011) ] between all 78 pairs of regions i and j across subjects, and obtained for each cohort (i.e. controls, FCD-II, heterotopias and polymicrogyrias) a single grouplevel matrix. The functional matrix (R F-78 ) was based on 
Age, age at seizure onset and duration of epilepsy presented as mean AE SD. R/L/bilat = right/left/bilateral; F/P/T/ML/PS = frontal/parietal/temporal/multilobar/perisylvian.
temporal correlation between the average pair-wise time series for each individual separately, yielding a subject-wise matrix.
Analysis of network topology Network thresholding
For each cohort, the structural covariance matrix R S-78 was thresholded to result in a binarized connectivity matrix A S-78 , where an entry ij equals 1 if r ij exceeded a given threshold and 0 otherwise. Such a binary matrix is equivalent to an undirected graph with 78 nodes (i.e. regions) and K/2 edges (i.e. connections), where K is the total number of non-zero entries. Diagonal elements in A were set to 0. The density of a network with n nodes was defined as the percentage of the total number of actual connections K divided by the number of possible connections, that is, density = K / (n Â (n À 1)) Â 100%. As in previous work (Bernhardt et al., 2016), we restricted our analysis to positive associations only and assessed the network over a wide range of density thresholds (5-40%). For the functional network, a similar approach was carried out first in a subject-wise manner, followed by a combination of individual connectomes into group-wise matrices, where only 'backbone' connections present in 550% of subjects were retained (van den Heuvel and Sporns, 2011; Ray et al., 2014) .
Clustering and path length
We computed the clustering coefficient and characteristic path length in controls and MCD groups using standard formulas (Watts and Strogatz, 1998) . These quantities are widely used graph-theoretical parameters to describe network topology. C quantifies cliquishness and relates to local network efficiency (Latora and Marchiori, 2001) . Clustering coefficient c i of a given node i was defined as: Covariance networks based on cortical thickness correlations in healthy controls, and patients with FCD-II, heterotopia (HET) and polymicrogyria (PMG). For display purposes, parcels are colour-coded according to brain regions listed beside the matrices. The colour bar indicates the correlation strength. (C) Significant group differences in inter-regional correlations corrected for multiple comparisons at FDR 5 0.05. Increase/decrease in patients relative to controls are shown in red/blue in the matrices and corresponding network graphs. In B and C, L and R refer to left and right hemispheres, respectively.
where E i is the number of existing connections among the neighbours of node i. As k i is the actual number of neighbours of node i (i.e. its degree), the denominator term k i Â (k i À 1) / 2 quantifies the number of all possible connections among the neighbouring nodes. If a node I had only one edge or no edges, c i was set to 0. Mean network clustering C was defined as the average of c i over all nodes. The characteristic path length L of a network was defined as the mean minimum number of edges between any two nodes (i.e. the shortest path) and its reciprocal measures global efficiency (Latora and Marchiori, 2001 ). The average shortest path length l i at a node i was defined as:
In the above formula, min(l ij ) denotes the shortest absolute path length between two nodes i and j. To overcome the problem of dramatically increased path length values in networks with disconnected components, L was calculated using a harmonic mean definition (Latora and Marchiori, 2001) :
Normalized clustering coefficient and path length
The normalized clustering coefficient was computed by dividing the clustering coefficient C by the mean clustering coefficient C rand across 1000 randomly generated networks. These random networks had the same number of nodes, edges and an identical degree distribution as the real network. An analogous approach was used to compute the normalized path length .
Rich-club organization
This phenomenon is observed when highly connected nodes show greater connectedness to each other than expected by chance (van den Heuvel and Sporns, 2011). A rich-club topology forms a high-capacity scaffold for integrative communication (van den Heuvel et al., 2012). The rich-club coefficient (k) was computed as the ratio of the number of connections between nodes within the k th subgraph and the total number of possible connections between them, formalized by:
where E 4k indicates the total number of connections within the k th subgraph and N 4k the number of nodes with a degree 4k.
To take into account that even random networks may show high (k) by chance (because nodes with high degrees are more likely to be interconnected), we generated 1000 random networks with the same degree properties as the original networks. We then normalized (k) of the original networks based on the average across the random networks random (k):
norm ðkÞ ¼ ðkÞ average of random ðkÞ ð5Þ
Since norm 41 indicates a rich-club organization, we defined the range of k showing norm 41 as a 'rich-club regime' (van den Heuvel and Sporns, 2011) (Fig. 3A) . Within this range, the k providing the maximal norm in controls (k max ) was chosen to determine rich-club nodes. Specifically, nodes with a degree 5 k max were categorized into rich-club nodes, while those with a degree 5 k max were classified as peripheral nodes. We could then classify all connections into three classes: between rich-club nodes (i.e. rich-club connectivity), between rich-club and peripheral nodes (i.e. feeder connectivity) and those between peripheral nodes only (i.e. local connectivity). The rich-club analysis was carried out at a fixed density of 11%, which was the minimum density for which networks were fully interconnected in all groups. The k max (i.e. the degree providing maximal norm in controls) of this network was set observed at 11.
Statistical analysis
We separately compared each patient group (i.e. FCD-II, heterotopias, polymicrogyrias) to controls using permutation tests with 1000 repetitions as detailed below.
Inter-regional correlation coefficients
In each permutation, the metric (i.e. thickness or resting-state functional MRI time series) of a given subject was randomly reassigned to one of the two groups (i.e. patients or controls). Correlation matrices R random in each randomized group were constructed and their entries r ij were transformed using Fisher's R-to-Z transformation, where an individual entry was calculated as:
We iteratively calculated the differences between z-matrices of the random 'patient' and 'control' groups, which generated a distribution of between-group differences under the null hypothesis. The true between-group z-score difference was placed in this distribution to obtain the significance level.
Topological parameters
Group differences in topological parameters C, L, , , and rich-club coefficient, (k), norm (k), as well as the proportion of rich-club, feeder and local connectivity were assessed using an approach similar to a. Following each random group assignment, we thresholded the correlation matrices and computed these network parameters. For each parameter, the actual difference between patient groups and controls was placed in its corresponding permutation distribution to obtain the significance level. Furthermore, we evaluated overall group-level differences across all thresholds using the area under the curve metric, AUC (He et al., 2009 ).
Structure-function coupling
To determine the coupling between structural and functional networks, for each cohort, we evaluated correlation patterns between the weighted R S-78 and R F-78 matrices (Garces et al., 2016) . To this end, we first vectorized the non-diagonal elements (=78 Â 77 / 2 = 3003) of each matrix and computed nonparametric Spearman correlation coefficients between the two modalities. The differences in coupling indices between MCD cohorts and controls were assessed with permutation tests with 1000 iterations, in which R S-78 and R F-78 were re-estimated from randomly assigned groups.
Corrections for multiple comparisons
We used the false discovery rate (FDR) procedure (Benjamini and Hochberg, 1995) , controlling the proportion of false positive findings to 5% (q = 0.05).
Reproducibility analyses
To verify robustness of our findings with regards to the spatial scale of the parcellation, we evaluated group differences in inter-regional correlation coefficients and topological parameters using the 1000 parcellation scheme. Moreover, we tested the reproducibility of structural covariance analysis on the independent 3 T dataset. Finally, to dispel the concern that severe brain deformations caused by polymicrogyrias may artificially affect the estimation of structural covariance (therefore possibly amplifying network differences compared to controls), we studied a group of patients with histologicallyconfirmed FCD type I (n = 13; 7 males, age = 29 AE 8.7 years), a malformation that, similarly to polymicrogyrias, is classified as a late-stage, post-migrational anomaly (Barkovich et al., 2012) without noticeable MRI signature.
Results
Structural covariance analysis
Structural covariance matrices and statistical comparisons between each patient cohort and controls are shown in Fig.  1B and C. The network in controls revealed a balanced pattern of inter-regional correlations characterized by strong intra-and moderate interhemispheric connectivity (r = 0.52 AE 0.10 and 0.30 AE 0.06, respectively). Compared to controls, network alterations were subtle in FCD-II, moderate in heterotopias and marked in polymicrogyrias. Specifically, FCD-II displayed both increased and decreased covariance, without any specific hemispheric pattern. Conversely, heterotopias showed consistently increased intra-hemispheric covariance and decreased inter-hemispheric covariance (FDR 5 0.05). A similar, yet more marked pattern was observed in polymicrogyrias, with densely increased intra-and almost absent inter-hemispheric covariance (FDR 5 0.05). Compared to controls, networks in MCD tended towards a more regularized topology, with higher clustering (C) and path length (L), as shown in Fig. 2 . Increases were most marked in polymicrogyrias (P for area under the curve for C and L, P AUC = 0.001), moderate in heterotopias (C: P AUC = 0.007; L: P AUC = 0.08) and marginal for FCD-II (C: P AUC 5 0.08; L: P AUC = 0.18). Notably, a similar gradient was also seen for normalized parameters (P AUC 5 0.05).
While both patient and control cohorts showed a richclub regime across multiple degree thresholds (k = 6-13), for each patient cohort and controls. In patients, differences of these metrics (DC, DL) compared to controls are also presented superimposed on a null distribution derived from non-parametric permutation analysis (grey lines). Asterisks indicate a significant group difference compared to controls, corrected for multiple comparisons (FDR 5 0.05), while triangles show results uncorrected at P 5 0.05. the former displayed markedly decreased rich-club coefficients compared to the latter (Fig. 3) . Again, maximal alterations were seen in polymicrogyrias (P AUC 5 0.015), whereas the other two groups showed milder changes (P AUC 5 0.04). Notably, disruptions were generally related to reduced connectional density among rich-club nodes (FDR 5 0.05), and not to reduced links between rich-club and feeder nodes or among peripheral nodes.
Repeating the structural covariance analysis based on the independent 3 T dataset confirmed findings seen at 1.5 T (Supplementary Fig. 1A ). Specifically, we observed gradual inter-hemispheric disconnection across MCD groups (FDR 5 0.05), together with steady increases in clustering coefficient (P AUC = 0.14/0.02/0.001 for FCD-II/heterotopias/polymicrogyrias) and path length (P AUC = 0.32/0.24/ 0.002 for FCD-II/heterotopias/polymicrogyrias). With respect to rich-club organization, we also observed a gradual decrease of norm (P AUC = 0.21/0.002/0.001 for FCD-II/heterotopias/polymicrogyrias, respectively).
Functional network analysis
When comparing MCD to controls, we observed gradual alterations in functional connectivity, with most severe anomalies in polymicrogyrias (FDR 5 0.05; Fig. 4A ). Contrary to structural covariance, inter-regional functional connectivity was decreased both within and across hemispheres. With respect to topological parameters (Fig. 4B) , we also observed divergent organizational patterns with reduced C and increased L. Specifically, changes were subtle in FCD-II (C: P AUC 40.2, L: P AUC 40.3), partial in heterotopias (C: P AUC 40.1, L: P AUC 5 0.04) and marked in polymicrogyrias (C: P AUC 5 0.03, L: P AUC 5 0.04). The rich club organization set at k = 11 (i.e. the nodal degree at which controls showed the highest rich-club coefficient) categorized connectivity densities into rich-club, feeder and local links. (C) Graphs display the actual nodal organization of the richclub colour-coded by connectivity densities. Asterisks indicate a significant group difference, corrected for multiple comparisons (FDR 5 0.05), while triangles show results uncorrected at P 5 0.05.
Rich-club analysis showed a mild decrease of norm in FCD-II (P AUC 5 0.05) and a marked reduction both in heterotopias and polymicrogyrias (P AUC 5 0.003).
Structure-function coupling analysis
The analysis of structure-function relationship (Fig. 4C) confirmed reduced cross-modal network similarity in MCD compared to controls, with most marked segregation in polymicrogyrias (FDR 5 0.01), while heterotopias presented with milder reductions (FDR 5 0.05) and no differences were found in FCD-II. Notably, lobe-wise analyses suggested that network decoupling in heterotopias and polymicrogyrias was not driven by localized changes, but was rather diffuse (FDR 5 0.05). 
Reproducibility analyses
Analysis of structural covariance and functional connectivity using the high-resolution, 1000 regions of interest parcellation scheme provided similar findings to the one based on standard AAL parcellation ( Supplementary Fig. 2 ). In fact, across all network parameters (clustering, path length and rich club coefficients), FCD-II displayed the least extensive anomalies (structural network: P AUC = 0.06; functional network: P AUC 40.4) compared to controls, whereas heterotopias was moderately affected (structural: P AUC = 0.03; functional: P AUC 40.2) and polymicrogyrias showed maximal changes (structural: P AUC = 0.001; functional: P AUC 5 0.05).
Evaluating patients with FCD-I, we observed robust disruptions across all network parameters (P AUC 5 0.02) similar to polymicrogyrias, supporting that severe anomalies in the latter were not related to the degree of morphological anomalies ( Supplementary Fig. 1B ).
Discussion
We assessed whole-brain network organization in patients with prevalent epileptogenic developmental malformations. Compared to controls, MCD showed a consistent rearrangement of structural networks towards a regularized architecture characterized by increased path length and clustering, as well as disrupted rich-club topology, suggestive of inefficient global and abnormally increased local connectivity. In line with our hypothesis of a differential impact of the timing of the malformative process with respect to the stages of corticogenesis, effects were most marked in polymicrogyrias thought to arise from altered late, post-migratory organization. Topology was moderately affected in heterotopias, related to abnormal migration, and only marginally altered in FCD-II occurring in early proliferative stages of brain development. Importantly, we showed reproducibility of findings using a high-resolution parcellation scheme and an independent dataset. Analysis of resting state functional connectivity also revealed gradual network changes across MCD, with a more marked rearrangement in polymicrogyrias. While these results corroborate the concept that network structure largely determines inter-regional functional interactions (Goni et al., 2014; Misic et al., 2015) , it is of note that, contrary to findings in the structural domain, functional architecture was characterized by decreased local and global efficiency. Diffuse marked structure-function decoupling in heterotopias and polymicrogyrias likely indicates a gradual loss of optimal functional communication patterns, possibly due to constraints imposed by regularized structural network architecture (Zhang et al., 2011) . Alternatively, lesser decoupling in FCD may be reflective of compensatory mechanisms to maintain function. Despite somewhat variable reports, the degree and prevalence of cognitive dysfunction generally follow a gradient similar to the network alterations we observed, with mildto-moderate impairment in 16-68% of FCD-II (Lerner et al., 2009; Chassoux et al., 2012) , moderate-to-severe in 46-80% of heterotopias (D'Agostino et al., 2002; Chang et al., 2005; Fry et al., 2013) and rather severe dysfunction in 60-93% of polymicrogyrias (Jansen et al., 2005; Mirzaa et al., 2015) .
Comparable findings in polymicrogyrias and FCD-I, malformations thought to arise at late stages of corticogenesis, yet with strongly divergent structural phenotype, further supports the concept that time of insult impacts the severity of topological network anomalies. Notably, research in developmental neurobiology has emphasized a key role of area specialization in later developmental stages. Indeed, during this period commissural and association fibres that mediate intra-as well as interhemispheric connectivity are formed, contributing to cortico-cortical network organization (Sur and Rubenstein, 2005; Huang et al., 2009) . A disturbance at this late stage is thus likely to significantly impact large-scale areal integration and segregation, two key principles of topological efficiency (Bassett et al., 2011; Sporns and Betzel, 2016) . On the other hand, less marked anomalies in FCD-II and heterotopias suggest that early disturbances may not necessarily lead to detrimental effects on subsequent developmental stages. In FCD-II, dysmorphic neurons and balloon cells are known to arise from radial glial progenitors (Lamparello et al., 2007) that guide radial neuronal migration by providing a scaffold from the ventricular zone to the overlying cortex (Nadarajah and Parnavelas, 2002) . It is plausible that this restricted migratory corridor confines the cortical territory affected by abnormal cells, thus leading to milder perturbations of whole-brain brain organization. On the other hand, moderate network alterations in heterotopias may reflect both atypical radial as well as tangential migration (Thom et al., 2004; Guerrini and Parrini, 2010; Moroni et al., 2011) , ultimately resulting in a larger impact on cortico-cortical network formation than FCD-II.
Our structural covariance analyses revealed that the richclub nodes, highly connected hub areas previously shown to be vulnerable to brain pathology (Crossley et al., 2014) , are also variably affected in cortical malformations. While the exact mechanism responsible for the shift of rich-club areas across MCD remains unclear, their spatial overlap with the territory of the primary lesions suggests that a focal anomaly may negatively impact global network communication (Aerts et al., 2016) . In fact, in FCD-II patients, in whom the vast majority of lesions were located in frontal and central areas, rich-club nodes were also primarily positioned in these regions; conversely, in heterotopias and polymicrogyrias displaying distributed lesional patterns, rich-club nodes encompassed frontal, parietal and temporo-parietal regions. Given that structural covariance networks reflect coordinated inter-regional maturation (Alexander-Bloch et al., 2013a), our findings overall suggest combined effects of the lesion and mutually connected cortical areas, possibly mediated by shared genetic and environmental influences (Fulcher and Fornito, 2016; Fornito et al., 2017) . Despite the lack of direct correlative studies between network markers and indices of epileptogenicity, it has previously been suggested that the severity and extent of topological alterations may relate to epileptogenesis, thus potentially influencing seizure outcome after surgery (Bartolomei et al., 2008; Chang et al., 2011; Bernhardt et al., 2016) . Indeed, up to 90% of patients with FCD type II, the group showing the least severe network alterations in our study, become seizure-free (Tassi et al., 2002) , while currently less than 50% of patients with polymicrogyrias and FCD type I (Tassi et al., 2010; Cossu et al., 2016) benefit from surgery.
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